Initial evaluations of large microbial libraries for potential producers of novel antimicrobial proteins require both qualitative and quantitative methods to screen for target enzymes prior to investing greater research effort and resources. The goal of this protocol is to demonstrate two complementary assays for conducting these initial evaluations. The microslide diffusion assay provides an initial or simple detection screen to enable the qualitative and rapid assessment of proteolytic activity against an array of both viable and heat-killed bacterial target substrates. As a counterpart, the increased sensitivity and reproducibility of the dye-release assay provides a quantitative platform for evaluating and comparing environmental influences affecting the hydrolytic activity of protein antimicrobials. The ability to label specific heat-killed cell culture substrates with Remazol brilliant blue R dye expands this capability to tailor the dye-release assay to characterize enzymatic activity of interest.
Introduction
Antimicrobial agents play an essential role in targeting a wide range of microorganisms such as viruses, fungi, and bacteria. The antimicrobial activities produced by various bacteria range in target specificity from broad-spectrum to species-specific, including clinically relevant bacterial pathogens 1 . In nature, protein antimicrobial compounds like bacteriocins and lysins represent a microbial arsenal of tools for self-defense, replication, and nutrient acquisition 2, 3 . Serving as mediators of population dynamics within microbial communities, protein antimicrobials provide a competitive advantage to the producing organism over nonproducing, sensitive species 4 . As recombinant enzymes and probiotics, these proteins also have an economic and societal importance as the need for new sources of pathogen control increases with each new expansion of antimicrobial resistance within the bacterial population 5 .
The first evaluations of newly discovered protein antimicrobials include determining the basic physical characteristics that are inherent to the enzyme. Methods for rapid screening of potential antimicrobials allow selection of candidates with hydrolytic activities against the desired target substrates. The microslide diffusion assay and the quantitative dye-release assay allow for the use of a variety of substrates in the detection of enzymatic hydrolysis. For protein antimicrobial enzymes with activity against the bacterial cell wall, the versatility of these assays allow rapid and effective, qualitative and quantitative screening against viable bacterial cells (microslide assay only), heat-killed whole bacterial cell substrates, or purified peptidoglycan from the target bacterium. These assays have utility in antimicrobial enzyme discovery for use in fields such as alternative therapeutics, food supplements, and inhibitors of biofilm production.
The microslide diffusion assay and the dye-release assay are demonstrated methods for detection and characterization of novel protein antimicrobials. The microslide diffusion assay provides a relative (qualitative) estimate of antimicrobial activity and allows for minimal inference of enzyme concentration and activity. Using this method, activity is readily visualized as the development of a zone of lysis with the absence of activity resulting in a lack of zone formation. The rate of zone development and the zone diameter are indicative of the amount and purity of the enzyme present in the sample; however, this rate and the quality of the substrate clearing within the zone can also be affected by the presence of contaminants, the completeness of the hydrolysis reaction, and the type of substrate. Interfering contaminants can affect the rate of enzyme diffusion from the well, while incomplete hydrolysis or variation of the substrate type can result in a turbid zone of lysis 6 .
The dye-release assay quantitatively assesses the amount of covalently-linked Remazol brilliant blue R dye products released into the reaction supernatant from the enzymatically hydrolyzed substrate. The method has only slight variability associated with a difference in substrate, thus allowing greater sensitivity for detection of hydrolysis as compared to the microslide diffusion assay. These properties allow the method to have utility in the characterization of biochemical properties of the enzyme and in the standardization of the assay for comparison between different antimicrobial enzymes.
1. Determine the concentration of the antimicrobial enzyme to be evaluated using a Bicinchoninic Acid (BCA) Protein Assay Kit according to manufacturer's protocol. 2. Utilize phosphate-buffered saline (PBS) as an enzyme buffer; however, empirically determine the buffer appropriate for the given enzyme. 3. Perform a serial dilution of the antimicrobial enzyme using phosphate-buffered saline (PBS) as a reaction buffer. The serial dilution used in these microslide diffusion assays produced final assay protein masses of 0 pg, 10 pg, 100 pg, 1 ng, 10 ng, 100 ng, 1 µg, and 10 µg per reaction volume. 4. Dispense protein masses into individual microfuge tubes and adjust protein volumes to 20 µl using PBS in preparation for addition to microslide reaction wells. 5. Make a 0.5% agarose solution by dissolving 0.25 g of agarose in 50 ml of PBS. Heat the solution to a boil until the agarose is completely dissolved. Determine water lost during the melting process by weight and add back to the solution. 6. Add 50 µl of 10% sodium azide in water to the agarose solution and adjust the temperature of the solution to 50 °C in a water bath. The sodium azide is added to inhibit contaminating bacterial growth during incubation of the microslide diffusion assay. If viable cells are used as substrate, omit the sodium azide from the agarose solution. 7. Thaw the heat-killed bacterial substrate on ice. 8. Re-suspend the bacterial substrate in 12 ml of the agarose solution to approximately match the turbidity of a 2.0 McFarland equivalence standard (see Materials Table) . Compare the turbidities of the solutions by visualizing a black line on a white background through the solutions, adding bacterial substrate to the agarose until the approximate turbidity is achieved. 9. Immediately pipet 3 ml of the agarose-substrate solution to each microslide (25 x 75 x 1 mm 3 ). 10. After slides solidify, punch three wells in the agarose-substrate layer of each microslide using a cork borer (4.8 mm diameter). Add 20 µl of each adjusted protein serial dilution to their respective wells. 11. Use PBS (20 µl) or bovine serum albumin (5 µg in 20 µl PBS) in a negative control well. Use known bacteriolytic enzymes appropriate for the substrate, such as lysozyme, as a positive control. 12. Incubate the slide in a humidity chamber at 37 °C or the optimal activity temperature of the enzyme. The length of incubation depends upon the concentration and specific activity of the antimicrobial enzyme. A typical reaction time is overnight (approximately 16 hr). 13. After incubation, observe the slides under indirect light and capture images of the developing assay using a digital single-lens reflex camera with a 60 mm lens at a focal distance of approximately 30 cm. Note: Enzymatic activity of the protein antimicrobial for the given substrate is correlated with the development of a clear zone of hydrolysis, which forms around the well as the enzyme diffuses into the agarose. 14. To qualify the enzymatic activity, observe the sizes of zones that form around each well. High enzymatic activity qualitatively relates to a larger zone, while low enzymatic activity qualitatively relates to a smaller zone.
Quantitative Dye-release Assay
Note: During the dye-release assay, the hydrolysis of RBB-dyed substrate in the enzymatic reaction releases dyed products into the reaction supernatant. Colorimetric measurement of the amount of dye released indicates the amount of enzymatic activity present within the sample for a given enzyme. The quantitative method allows the comparison of different enzymes across substrates and allows for variation of environmental conditions influencing the enzymatic reaction (e.g., temperature, salinity, and pH). The following protocol describes the preparation and performance of the dye-release assay for quantitatively detecting the enzymatic activity of protein antimicrobials.
1. Preparation for the Dye-release Assay 1. Allow the frozen dyed substrate to return to room temperature and wash twice with assay buffer (PBS), which is empirically determined for the given enzyme. 2. Calculate the volume of substrate suspension that is needed by multiplying the 200 µl reaction volume by the number of dye-release assays to be performed. 3. Prepare the substrate suspension by adding dyed substrate to the volume of assay buffer, determined in 4.1.2, until an optical density (OD) of 2.0 is achieved at 595 nm using a spectrophotometer. To remain within the functional limitations of the spectrophotometer, measure the 2.0 OD 595 as 1.0 for a 1:1 dilution of the concentrated solution. Use assay buffer as a blank. Note: The substrate turbidity for the reaction can be raised beyond 2.0 to match the activity levels of highly efficient enzymes. 4. Suspend the protein antimicrobial to be evaluated in assay buffer at an estimated concentration of 1 mg/ml. 5. Using the microplate assay of a BCA Protein Assay Kit according to manufacturer's protocol, determine the actual concentration of the protein sample to be assayed. Adjust the concentration of the stock suspension to 1 mg/ml using assay buffer. 6. Remove undigested, insoluble substrate by centrifugation at 3,000 x g for 2 min, and transfer 150 µl of the reaction supernatant for each reaction mixture to a 96-well flat-bottom microplate, taking care not to disrupt the pellet of undigested substrate. 7. Measure enzymatic activity of the protein antimicrobial for the given substrate by determining the amount of soluble RBB dye dissociated from the substrate after enzymatic hydrolysis. To quantify the enzymatic activity, measure the absorbance of the supernatant at 595 nm using a microplate spectrophotometer. Increased absorbance by the soluble dye released into the supernatant from the labeled substrate is a quantitative measurement of enzymatic activity. Note: The change in absorbance is represented by activity units (AU), where 1 AU results in a 0.01 increase in the optical density of the dye-release reaction supernatant at 595 nm. A blank reaction, incubated with all reaction components except enzyme, is used to subtract any dye that releases from the RBB-labeled substrate due to the incubation. The optimal enzymatic temperature provides the peak activity unit measurement. 8. Repeat steps 4.2.1 through 4.2.7 using various incubation buffers, to determine the optimal buffer conditions for the antimicrobial enzyme. In these assays, use PBS.
3. Using the Dye-release Assay to Determine the Minimal Active Concentration at the Optimal Incubation Temperature for a Protein Antimicrobial 1. Perform a serial dilution of the stock antimicrobial protein suspension using assay buffer. The dilution series range will vary with the activity of the antimicrobial enzyme. The serial dilution used in these assays produced final assay protein amounts of 0 pg, 10 pg, 100 pg, 1 ng, 10 ng, 100 ng, 1 µg, and 10 µg.
2. Perform each reaction assay in a 48-well flat bottom microplate. For each assay condition, add 10 µl of the respective protein suspension to 200 µl of prepared substrate suspension. Adjust any variation in volume of the protein solution added to the reaction to 10 µl using reaction buffer. 3. Seal the microplate with plate sealing film to avoid volume variation due to evaporation. Incubate in a shaker incubator at the determined optimal incubation temperature for the given protein antimicrobial for 16 hr with shaking. 4. Following incubation, arrest the reaction by adding 25 µl of ethanol to each well and remove undigested substrate by centrifugation at 3,000 x g for 2 min. 5. Transfer 150 µl of the reaction supernatant for each reaction mixture to a 96-well flat-bottom microplate, taking care not to disrupt the pellet of the undigested substrate. 6. To quantify the enzymatic activity, measure the absorbance of the supernatant at 595 nm using a microplate spectrophotometer. A blank reaction, incubated with all reaction components except enzyme, is used to subtract any dye that releases from the RBB-labeled substrate due to the incubation. Increased absorbance by the soluble dye released into the supernatant from the labeled substrate provides a quantitative measure to enzymatic activity. Note: The change in absorbance is represented by activity units (AU), where 1 AU results in a 0.01 increase in the optical density of the dye-release reaction supernatant at 595 nm.
Representative Results
The microslide diffusion assay and the quantitative dye-release assay are effective methods for screening and measuring initial investigations of new protein antimicrobials. Each assay has advantages and limitations; however, when performed in conjunction, they allow rapid initial screening and basic characterization of an antimicrobial.
The microslide diffusion assay efficiently allows for the rapid screening of microbial libraries, producing protein antimicrobials. When the enzyme concentration levels are of concern, sensitivity of detection constraints may limit the assay, requiring a greater amount of enzyme to be added to the reaction well than the dye-release assay. As illustrated in Figure 1 , the qualitative properties of the assay allow the observer to compare relative enzyme amounts present within each well.
In the developing zone of lysis, illustrated in Figure 1A (25 µg of enzyme), the leading edge of the zone displays turbid or incomplete lysis of the substrate, while the zone closest to the well displays a more complete substrate lysis. This phenomenon, a product of the diminishing concentration of the diffusing enzyme at the leading edge, complicates the accurate measurement of the zone diameter. As the wells B (15 µg), C (10 µg), D (5 µg), E (1.0 µg), and F (0.1 µg) are observed in Figure 1 , the diameter of the zone of complete lysis dissipates to extinction correlating to the reduced amount of enzyme. For condition F (0.1 µg), the enzyme concentration within the agarose is below the limit that will allow the diffusing enzyme to be visualized as it moves through the agarose, hydrolyzing the substrate. The microslide diffusion assay was also run using purified Bacillus subtilis peptidoglycan as substrate (Figure 2) . While the zone is less defined than those observed with whole cell Salmonella enterica due to the reluctance of the peptidoglycan to evenly suspend in the agarose, the hydrolysis of the peptidoglycan by the unknown antimicrobial enzyme is apparent.
The dye-release assay is a more sensitive and versatile assay than the microslide diffusion assay, allowing a lower detection limit and variation of environmental factors affecting the enzyme reaction. In the representative assays, temperature was varied to determine the optimal temperature for the antimicrobial enzyme, determined to be 35 °C in PBS (Figure 3 ). This optimum is seen clearly in the reaction supernatants as increased amounts of blue color ( Figure 3B ) as well as represented in activity units derived from absorbance measurements at 595 nm ( Figure 3A) . The versatility of the dye-release assay allows the researcher to vary not only the temperatures but also the reaction buffer and buffer components to rapidly determine optimum incubation conditions for a given enzyme.
The activity level of the unknown antimicrobial enzyme (Figure 4 ) and the α-chymotrypsin control enzyme ( Figure 5) were measured at the determined optimum incubation temperature of 35 °C in PBS against RBB-labeled Bacillus subtilis heat-killed substrate. Comparison of results from Figure 4 and Figure 5 indicates that the unknown antimicrobial enzyme has almost twice the affinity for the B. subtilis substrate. In addition, the α-chymotrypsin control did not completely digest the heat-killed B. subtilis substrate within the well (data not shown). The activity of the α-chymotrypsin control begins to plateau around 0.3 µg as compared to the continued rise in activity units across all enzyme amounts for the unknown antimicrobial enzyme (Figure 4 and Figure 5 ). This may indicate that the unknown enzyme has a greater sustained activity or that there are a greater number of cleavage sites available to the enzyme within the B. subtilis substrate. The activity range for α-chymotrypsin was measured as activity units after overnight incubations for 0, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 ng of enzyme (A). For these reactions, the RBB-labeled B. subtilis substrate level was increased to give an optical density of 5.0 at 595 nm to ensure that the reaction with the highest amount of enzyme (1,000 ng) did not completely hydrolyze all available substrate within the reaction incubation period. Control reactions with no enzyme added were used to subtract the effects of any released dye caused by the incubation alone. The reaction supernatants corresponding to each enzyme amount were imaged prior to absorbance measurements (B). Please click here to view a larger version of this figure.
Discussion
The microslide diffusion assay and the dye-release assay provide advantages for detecting and characterizing previously unidentified protein antimicrobials. These rapid and sensitive methods allow high-throughput screening of organism source libraries for the identification of enzymes of interest prior to investing greater research resources. As high profile target enzymes are identified, variations of the detection assays can be used to rapidly detect the enzyme or to determine biochemical characteristics of the enzyme. For example, during a multistep protein purification scheme, the microslide diffusion assay can rapidly detect fractions containing the enzyme of interest. In addition, reaction optima for the enzyme can be determined by altering the reaction buffers and incubation temperatures in the dye-release assay.
The range of enzyme mass required for detection in the microslide diffusion assay is a function of enzyme characteristics. Detection limitations of the assay generally require the use of higher amounts of enzyme than the dye-release assay. In this study, comparison of the detection limits of the microslide diffusion assay (Figure 1) to the dye-release assay (Figure 4 ) illustrated that the microslide diffusion assay is a less sensitive technique than the dye-release assay. When enzyme concentration is not a concern, the microslide assay allows for rapid initial screening of libraries for the production of protein antimicrobials against target substrates with low labor and equipment demands. Although requiring more effort and equipment, the dye-release assay is more sensitive and reproducible, yielding quantitative results that allow comparison between dye-release assays of the same or different enzymes for a given substrate. The two methods are easily performed in most microbiological laboratories with no need for highly specialized instrumentation. In the representative assays, the control enzyme, α-chymotrypsin, was detected at amounts as low as 100 ng ( Figure 5 ) using the dye-release assay, while the minimal amount detected in the microslide diffusion assay was 1 µg (data not shown).
Providing utility as a qualitative detection assay for antimicrobial enzymes, a number of variations of the diffusion assay have been reported 11, 13 . In reviewing these assays, the microslide diffusion assay was developed for its relatively high sensitivity as an initial screen and for its ease of reaction observance. Modified from the work of Lachica et al.
11
, in which agarose overlays were used to detect the production of nucleases by strains of Staphylococcus aureus, the microslide diffusion assay operates similarly to the radial immunodiffusion method 14 as the protein diffuses from the well into the agarose containing the substrate. The radial immunodiffusion method halts the expansion of the zone of immunoprecipitation when the system reaches a complex formation equilibrium between the diffusing antigen and antibody within the agarose.
In contrast, the substrate of the microslide diffusion assay is initially digested by the diffusing protein antimicrobial in a continually expanding zone of lysis surrounding the well. The increasing diameter of the zone continues until the enzyme loses activity or the substrate is exhausted. The rate of the production of the zone of lysis is quickened as the purity, and thus the specific activity, of the enzyme or the concentration of the enzyme added to the well increases.
For quantitatively assessing the enzymatic activity of protein antimicrobials against heat-killed B. subtilis, the dye-release assay was chosen. Colorimetric assays using Remazol brilliant blue R dye (RBB)-labeled substrates allow versatile and sensitive evaluation of protein antimicrobial activity. Enzymatic hydrolysis of RBB-labeled substrate results in the release of soluble blue products that can be readily measured by a
